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. SUMMARY 1

Several theoretical studies were made in this country after World War II to evaluate the imp-ise
propulsion gun suggested by Langweiler as a means of increasing projectile velocity. These studies led to
the initiation of experimental programs at the Ballistic Research Laboratory, Aberdeen, Maryland, and at
the Atlantic Research Corporation. The approach at the Ballistic Research Luou o*~ry has been the -:vel-
opment of new, unconventional propellani -ystems with extremely high effective hurang rates to be 1sed
as endeburning charges to achieve porformance near that of an impulse gun. The arproach at Atlantic
Research, on the other hand, has been the utilization of properly shaped chi., .s 3§ conventional prope.ant
traveling with the projectile — an approach suggested as a possible means of achie/ii:z substantially the
performance of the impulse gun in the theoretical investigations made at Atlazt:ic Fe<eurch.

The initial goal of the program undertaken at Atlaniic Research was th- : .perimentai verifica-
tion of the higher theoretical performance predicted for "modified impulse guns. "

It ia the purpose of this report to summarize the results of this progrsm.

A description of the gun range which was constructed to conduct exper mental [irings is given.
The range conslsts of a gun housing, a control and instrument building and 2 _ua bott.

Two 1. 1-inch machine gun barrois w.re modified at the Naval Gur Factory for use in the sxper-
imental firings. Schematic drawings and descriptions of these two barrels, ae=!,.:uied Gva A and Gun B,
are given together with descriptions of the cartridge cases and igniters developed for use in each gun.

The modified 1. 1-inch guns were not entirely satisfactory for use in this study, the major diffi-
culty ‘e'ng the design and fabrication of progressive propellant charges with sma.l web. I! additional
studies ire conducted, it is suggested thil a 3"/70-caliber gun b= employed.

A gun firing system and associated instrumentation was developed to measure gun pressure in
the cLamber and at five positions along the bore. Both expanding-cylinder and plston-typa gaZes using re-
sistance strain gages as toe sensitive element were fabricated for pressure measurement. A special
pressure gage-igniier combination which fitied into the cartridge c2e+ was developed to measure chamber
pressure.

Projectile velociiy was measur>d using either phcinslect-ic screens or conducting glass slides
to trigger a 1. 6mc counter chronograph. Muszzle velocity obtained by measuring time between two pips on
a photograph of an oscilloscope trace was found to be inaccurate due 0 lack of precision in measuring the

time interval.
A closed bomb was designed and constructed. The bomb was tested it pressures up to

40, 000 pal.

The results of firings with conventionally loaded cbarges of SPDN 3256 have been analyzed.
These propellant grains were found not to be completely burned vade~ the experime..ial firing conditions.
An empirical form function was derived which gave good agreernent Letween calculated and observed gun
performance. Superior ignition was obtained with the ARC igniter ar compared with Mark 42 igniters 'n
firings with 0027 5306,

A progressive charge was fabricst i [~ inhibiting 0. 078- Inch-thick JPN propelient ]l o
0. M3-inch . 1in of ethyl cellulose and by making cuts nne-sixdeenth uich apart through the inhibitor on tath
sides of the sheet. It was found that nropellant prepared in this manner we~ extreneiy diiiicut to igrite in
gun firings.

Stacked ’ »4s of JPH prcpellant 0. 020 inch thick with 2a ecceniric one-fourth-inch-diameter
hole 'a each disk vere cemented to the base of several projectile.. These charges were fired in cosnbina-
tion with con>«ntionally loaded SPDN 3336. In adaition, comparison firings were made with the entire
charge convent’onally loaded. Both average pressure and muzxie velocity for the conventional rousds were
highar than obse:ved in firings with the JPH disks attached to the projectilc.

Firings were made with either IX107 or M-7 propellant gr:.ins attached to the projectile in
combination with conv sntionally loaded SPDN 3256. Somewhat higher wauzsle velocity and lower pressures
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2 I. SUMMARY

were obtained In firings with these grains attached as compared with firings {n which the total charge was
conventionaliy loaded. When either IX107 or M-7 grains were atlached to the projectile the end caps which
initially restrained the grains in cavities in the projectile base were deformnd enough to allow the grains to
escape.

Porous grains werc cast in projectue cavities by cementing together pre-;*ast:cized nitrocellu-
lose ball powder. Little burning occurred in the first firing with this charge. A second firing was made
with a porous attached charge and a 80-gram charge of SPDN 3258 conventionaliy i uded. Extremely high
pressures in this firing irreparahly damaged the barrel and breech of Gun A,

A series of firings were made with the propellant charge lcaded in 2 perfory’ .3 steel basket
attached to the base of the projectile. The average muzzle velocity for these firings w..c -~=aut 200 ft/sec
higher tlaa the .verage muzzle velocity recorded in firings with the same charge and the pro’ectile weight in
which the propellant was conventionallv in2424, The maximum pressures recorded at t:e vsrious gage
posittrus v.oce higher when the charge was loaded in the baskst, and a reasonably constant prossure was
abtainzd during the first 15 inches of projectile travel.

In each firing with a basket-type projectile, structural failure of the basket cccurred, the tail-
plece usually separating from the body of the basket. It is suggested that further invesiigation ~f busket-
type vrojectiles be undertaken ¢~ determine the mechaniam of their structural failure durirg firing.

A projectile was designed into which was cast a small web, ninety-one-perforated grain. These
grains weic made using plastisol-grade nitrocellulose. Only one round was fired, however, before the pro-
gram was terminated. It i3 suggested that the use cf grains of this type as aitscced charges be further
investigated.

An interior ballistic system was developed to calculate, for a given set of loading coanditions
and with assumed values of maximum pressure and muzzle velocity, explicit values of shot-start pressure
and retarding force on the projectile. Calculated maximum press:re and rmuxsle velocity using calculated
values of shot-start pressure and retarding force on the projac'ie {detw~-.ined from observed values of
maximum pressure and muzzle velocity obtainec under other firing .unditions) were in good agreement
with those observed. )

Theoretical investigation of the effect of dvusity gradient in the propellant gases upon the ratio
of Wreech pressure to pressure on the base of the projectile led to the conclusion that variation of gas dun-
sity down the bore has little effect on the magnituis of this ratio.

An interior baliistic system was devaloped to calculate the theoretical performance for firings
in which a couventional charge is attached to iae projectile, or when part of the propellant is conventionally
loaded and part at’ached to the projectile. The equations forming the basis for this ballistic system are

given.
Loading conditions and meusured ballistic data for all firings in Gun A and Gun B are included.
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It has been recognized for many years that the effectiveness of prujectiles fired at a target in-
creases rapidly as the projectile velocity increases, and considerable work has been done toward increasing
the muzzle velocity of guns. A novel approach to the achievement of high proje. tile velocities, the impulso
propulsion gun,'! was suggested in 1939 by Langweiler in Germany. The impuls: gun differs from the con-
ventional gun in that the propellant i# attacned to the base of the projectile und Mz s sudy on its rear
surface. Langweiler imposed the further restricticn that the propellant burning rate changes in such a
way that the gases leaving the combustion zone are at rest relative to the gun r_ e ai.! are at constant pres-
sure. As compured with a conventional gun the impulse gun is superinr as an sccelerr.ing device both frora
the viewpont of propellant »fficiency and distance efficiency, its advantages becomii, more marked at
higher muzzle velocities. '’

After World War II, several studies were made in this country of the Langweiler impulse
gun. ' '*'* Thege studies led to the int*1ation of experimental programs at the BalMztic itessarch Labora-
tory, Aberdeon, Marvland, and at the Atlantin Research Corporation. The approach at ta Ballistic
R<zearch Laboratory has been the development of new, unconventional propellant ayst-mns with extremely
~igh effective burning rates which would be used as eni-vuirning charges to achiove pasiormance near that
of an impulse gun. On the other hand, the approach at Atlantic Research hss been tne utilisiation of properly
rhaped charges of cnnvantinnsl propellant traveling with the projectile — an approach suggested as a possi-
hle means of attaining substantially the performance of the impulse gun in the theorstical investigations made
at Atiaatic Rossarch. *¢

The initial goal of the program undertaken at Atlantic Kesearch was the experimental verifica-
tion of the higher theoretical performance predicted for "modified impulse guns. "'* This program was
actively initiated in June, 1952 and continued until December, 1954, at which time the study was terminated.
It is the purpose of this report to summarise the results of this program.
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4 Il. THE EXPERIMENTAL FACILITY

A. THE GUN RANGE
The gun range constructed for use in the experimental program consisted of three bulldings; a

gun housing, a control and instiument bullding, and a gun butt.

The gun housing was constructed on - heavy concrete base and enclosed the gun ith 6/i6-inch

steel. The space around the gun inside the housing was just large enough to allow normal uperations on the

gun and breech.
The control and instrument building i8 a cinder-block structure with app: oximetcly 200 square

feet of floor space divided into two rooms. This bullding is separated from the gun *uaing vy a two-foot-
thick sand barrier. Instruments and recording equipment used to obidin experimentas firi~- data were
installed i. the lusger of the two rooms in the control building. The second room, ca.struct.. with explosior-
proof electrical firturee and conducting floor. was used for propeliant loading and handling <= contained

the equipment used to temperature condition rounds prior to firing.

The gn butt, approximately 50 feet from the muzzle of the gun, 1s 2 bo~ fabri:ated foom Cuu-
huif-1:ch steel plate four feet in height and width and 5.« foot deep with a removable froat of masonite. Thi=
box is filled with sand and is enclosed in a reinforced concrete structure. It was iount %23t 2pproximately
thirty rounds could be fired intn the gun butt before the sand and front cover required replacement,

B, MCLnFLD 1, 1-INCH GUN
Experimental {irtngs were conducted in one of twu modified 1. 1-inch machine guns.

used for all firings until it was damaged in Firing 136 during January 1954. Firings after this date were
conducted in a2 second modified 1.1-inch gun designated Gun B.

Gun A was

L _GunA
Gun A was modified at the Naval Gun Factory {or uas in cxperimantai firings. The modifica-
uons {c tho gun consisted of (1) removal of the rifling and increasing c>r ~cre diametar to 1.150 inches,
(2) insertion of a sleeve iu the chumber L0 give & constant chamber cross-section through the base and
cartridge case of 1.150 inches, and (3) drilling and threading five holes at intervals along the barrel to
receive pressure gages. Use of the sleeve reduced the chamber volume by about 40 per cent as compared
with the normal 1. 1-inch gun. A schematic drawing of the modified 1. 1-inch gun barrei is shown in Figure 1.

FIGURE 1
Modified 1.1-Inch Machine Gun Barrel for Gun A
q 4 4
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III. THE EXPERIMEN tAu FACILITY

a. Cartridge Cases and lgngers
' Three cartridge cases werr aeveloped for use with Gun A.? Schematic drawings of these cases

are shown in Figure 2. The case and igniter shown in Figure 2(a) was fabricat«d from brass and used

g B e

|

! tungsten wire as the ignition element. The primer FIGURE. 2 i

‘ cavity was sufficlently large to holcd up to 10 grams Cartridge Cases and Igriters Developed F)

1 of black powder; however, it wasfound that adequate fci se with Gun i
igrition was obtained with between two and three lgnition Wire

grams of FFFGblack powder. Successful electrical
insulation between thecase and the lead to the igni-
tion element was obtained by fabricating the insula-
tors from cioth-filled phenolic. These insulators
were cemented inio place in ti:o ig=ller.

A sursricr case wae desjgned and used
@2 Gun A afle IMrisgle  This ~ase was fabricated
1rom steel with the wall th{.xness reduced to improve
obturation. The glse of the igniter was reduced and
« flash tunc waz incurpuraiea. A schematic drawing
<¢!l..8 cane and igniter 18 shown in Figure 2(b). It TTTTTTTTTTTY

A third case and igniter, shown in Fig- _
ure 2(c), was designed to use the Mark 42 ignition
element. The volume of the igniter was thus further
reduced. Firings with the Mark 42 element, however, indicated that the ignition delay was longer and

ignition inferior to that obtained with the ARC igniter. As a result, few firings were made with this case
and igniter.
z. GunB
After Gun A was damaged, a second 1. 1-inch machine gun barrel was modified at the Naval Gun
Factory. Because several changes were made in this new barrel as compared with the previous barrel, Ll

the new gun was designated Gun B.
A schematic drawing of the barrel of Gun B is shown in Figure 3. To reduce propellant loading

o e eExem — — o

-

{c) Cortridge Cose For MX-42 Igniter

I S

o FIGURE 3
| Modified 1. 1-Inch Machine Gun Barre! for Gun B
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8 Ol. THE EXPERIMENTAL FACILITY

density, the chamber was enlarged as compared with Gun A by eliminauing the sleeve previously used. A
forcing cone was incorporated into the chamber design sc that forcing bands could be used on the projectiles
as a means of increasing shot-start pressure and reducing gas leakage. The bore dia'neter of the new
barrel was increased to 1. 200 inches and the barrel was chrome plated.

a. Cartridge Case and Primer

A new cartridge case a. ] primer was developed’ for use with Gun B, .1 the size of the primer
was reduced to further increase the initial chamber volume. A schematic drawing ci the ¢« ¢ and primer is

shown in Figure 4.

FIGURE 4

Cartridge Case and Primer Developed for Use with Gun B

Contact

insert

_— Extension Tube

C. INSTRUMENTATION DEVELOPED FOR MEASUREMENT OF BALLISTIC PARAMETERS

1. Measurement of Gun Pressure

The barrels for both Gun A 2ad Gun B were drilled so that pressure gages could be inserted at

FIGURE §
Crlinder and Piston Type Pressure Gages

Goges

(a) Cylinder Type (b) Piston Type

*The initial group of cylinder gages was found to have nonlincar response, IP.
due to the use of an incorrect type steel and improper hardening of the cylindes.

five positions along the barrel. (8ee Figures 1 and
3. ) Presaure gages using resistance strain gages
as the sensitive elements were fabricated to mea-
sure pressure.’ The first gages developed were
patterned aiter an expanding-cylinder type gage de-
signed at the Naval Proving Ground, Dahigren,
Virginia. All guges used in the experimental pro-
gram were culibrated in cooperation with the Naval
Proving Ground. Figure 5{a) shows the construc-
tion detalls of the cylinder-type gage. *

A second type pressure gage was also
developed. The strain element in this gage is
mounted on a piston which is compressed hy the gun
pressure. Co Truction detauis of this gage are
shown in Pigure 5(b).

Maasurement of chamber pressure was
made possibie by development of a pressure gage-
igaiter com nation which fit into the cartridge case.®
Figure 6(a) is 1 drawing of the igniter-pressure
gage developed for uso in Gun A. An improved

rticularly above 30,000 psoi,
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III. THE EXPERIMENTAL FACPUITY

version o. this gage was developed for use with Gun B. This gage was mechanically intarchangeable with

the standard igniter, the only effect resulting from its use being a slight reduction ‘n chamber volume. De-

tails of the igniter-pressure gage used in Gun B are shown in Pigure 6(b).

Because these grges were used u. iy to
measure transients, a "dynamic” type circuit was
designed using A. C. amplifiers l.nd A.C. oscillo-
scopes. This systom was muchless expensive than
a crnventional bridge circuit with D. C. amplifiers.
Figure 7 {s the schematic of the pressure-guge cir-
cuit.

Recording of gun pressures was accom-
plished by feading the cutput of the strain-gage cir-
cuit to prearziiliers and then to the vertical ampli-
fier input 0f single-sweep 0SCLUOSCOPOS. Tiw SWEIps
of the oscilloscopes were triggered by th. burnout
of the igniter wire inthe primer. Z-axis modulation
was used with the trace blanked at 0. 5-millisecond
EI0rvals tn urovide timing markers.

Photographic records of the traces on
the oscillcszopes were made with special cameras
constructed to use two - and - one - fourth-inches by
three-and-one-fourth-inches cut film or with a ro-
tating drum camera. * The special caineras were
constructed with electric-shutter solencids. BEow-
ever, bucaose the bsams were blanked until trig-
gered it was found more coavenieat to leave the

FIGURE 6

Igniter-Pressure Gaga. "eveloped to Measure
Chamber

Pressurs in G Aand B

: /M////r’/f////ﬁ

o

antat wing —* |04

shutters open and pull the slides on the fflm holder to prepare the film for exposure.
Timing marks, which were ruperimposed on the pressure traces, were obtained by a time-

marker generzisr. This device employed a tuning-fork oscillator. and it could be used to ;- oduce accurate

FIGORE 7
Schomatic Drawing cf I. casure-Gage Circuit

Boliost Resieter

(Voive Determined by Resistence of Strein Gege)

OC Supety [E/ MWW
=.-

Pe——

time markers of either polarity with periods of 0.8, 1.0, or & 0 millissconds. A four-millisecond pulse
synchronised with other pulses was also available. The circuit of the time-marinr gensrator is shown

the first gage position.
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as Flgure 8.
Three mechantsms vere developed for calibrating the pressure traces, but none was completely 1
successful. The first system: used a "'shorting” type wufer switch rotated rapidly by a surire mechanism. ' .
The same calibration steps were applied simultan usly to all pressure gages. The primary sources of
trouble with this system were deterioration uf the silver-plated contacts on the switch, intsrierence between
the various gage circuits through the calibrator, the requirement of different height - & ‘or various gages,
and difficulties encountered In triggering the oscilloscopes for calibration, *
FIGURE 8
Circuit of Time-Marker Generzator ]
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4
g! A second calibr.‘7r was constructed using & motor-driven cam to opariis 5= sets of three
o switches.® Thus, three switches ‘n each gage cirouit could be opened to calibrate the pressure trace with
r appropriate resistance steps. A r2lay was incorporate”. ‘uto the circuit io short out the calibration re-
v F‘ sistors after one rotation of the cam. The quality of the calibration traces ,roduced by this system deteri-

g 5 orated rapidly with wear.
A third calibrator was designed using Western Electric UA-77-47 relays.’ Three relays with

normally closed contacts were used ir each pressure-gage circuit. The coils of these relays were connected
in parallel and the time of opening of each contact after the application of voltage could be controlled quite
accurately by the addition of a small resistance in series with the coils. A calibration sequence was achieved
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OI. THE EXPERIMENTAL FACILITY 9

in 15 milliseconds by adjusting each relay to uperate with about a ‘lve- millisecond delay after operation of
the preceding relay. The complete circuit for this calibrator is shown in Figure 9.

2, Measurement of Projectile Velocity

Projectile velocity was obtained :y measuring the timeinterval required’-rti.s projectile to iravel

FIGURE 9
Schematic Drawing of Rel»sv Calibrator
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a given distance. Initially, velocity measurements
were made by determin: g ta. *\me interval between
the breaking of conducting paths ubtained by apply-
ing silver paint to two giaes . . roscope slides.

The slides were placed in the . e of fire and were
held two feet apart by supporting stands. Electri-
cally, the slides were part of an RC circuit which
produced a sharp voltage pulee whez each slide was
broken. The pulse circut {s skn#n in Figure 10.
The two pulses from the velocity circuit were dis-
played on an oscilloscope wiih time roarkers applied
to the Z-axis. Measurement of the photograph of
the oscilloscope trace was used to determine the
time between breakicg of the slides. The major
difficulty® with this system was inaccuracy due to
lack of precision in measuring the time interval on
the photograph.

A second method for deter mining projec-
tile velocity was the use of a 1. 6mc counter ciironu-
graph ia conjanction with either a palr of photoelec-
tric screers, which produced a sharp pulve when the
projectile passed through the beam, or with the con-

ducting glass slides. It was found that either the glass slides or the photoelectric scresn gave equally good
results if time was measured with the counter chronograph.

3. Gun Firing System

Several problems were encountered in
the development of a system for firing the gun and

triggering the oscilloscopes. The major difficulties ue

were multiple triggering of the oscilloscopes, which
obscued the pressuretrace and time markers, and
erratic time variationbetween burn-out of the igni-
tar wire and propellant ignition. * These probier..»
ware ei.minatad by the development of the firing and
triggering circuit shownin Figure Il. Theprincipal
innovation was the design of the cirruit aroundthree
thyratrons {Type 2050), used a5 relays. The grids
are biased negalively and the thyratronsare fired by
coupling a positive pulse into the grids. The first
of these thyratrons, Tl, is used in the circuitto fire
the gun. Any external switch® can be used to fire
the thyratron. The second thyratron, T3, is used

=

TIATRE 10
Schematic Dra of Velocity Circuit
Unn:gau Slides
T S
!ACDE Do Teour  rew
200K
NES) 20K NES 20

SO O S N
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L ]Yo Shdee

*When the drum camera was put into use, a switch on the drum camera which is synchronized with the
position of the drum wag used to initiate the gage calibration sequence and fire the gua.
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M. THE EXPERIMENTAL FACILITY

{5 procuce the pulse that triggers the oscilloscopes. The pulse which fires T2 is taken from the high side
of a small reaistor in the {iring line. The output 1s taken across the cathode resistor and differentiated t
produce a short voltage pulse. This arrangement has the advantage that additions’ trigmering pulses cannut

be produced until the thyratron has been reset. The triggering pulse can be taker ciils- directly to the

oscliloacopes or it can be passed through a g-aset time-delay generator. The thivd “yrairon, T3, {s ue~4
to trigger the oscillosccpas for the calibration sequencea. Best results were nhtained with & time delay be-
tween closure of the firing key and triggering of the oscilloscopes of 20 millisece_ ds a. ? oscilloscope sweep

times of 35 to 50 milliseconds.

D. CLOSED BOMB APPARATUS

A closed bomb* was designed and constructed to obtain propellant burning rates. The bomb was
tested at pressures up to 40, 000 psi. A complete 2ssembly drawing of the bomb is £hown ia Figure 13. No

instruzuentation was developed for use with this equipment.

FIGURE 12
Assembly anlnc of the Ciosed Bomb
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®Nominal chamber volume is 200 cc.
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12 IV. EXPERIMETAL STUDIES IN GUN A

A total of 130 experimental firings were conducted during the perio! December 1953 to January
1954 fn Gun A. Pertinent information fo. these firings 18 given in Table I of Appendix A.

A. FIRINGS WITH CONVENTIONALLY LOADED CHARGES OF SPDN 3256

Initial firings in Gun A were made to obtain firing experience and to determine tha effect of
variation in loading conditions on performance using propellant lot SPDN 3256. * Th = _-~wder was originally
intended for use in the coaventional 1, !-inch machine gun. In the original application a 115-g . m charge
with a 0. 917-pound projectile gave a muzzle velocity of 2700 ft/sec with a maxdmum pre¢ 3surs of about
36, 000 psi.
In the experimental firings with SPDN 3256 in Gun A, however, much lowe: proj=-:'le weights
and smaller charges were employed. As a result the propeilani gralns were not compietely L :rnead, Tn
nbtain accestable agreement between caicuiated gun performance and experimental results using propellant
burning rates detrrziined irom closed-bomb measurements, it was necessary to modifv the thoorelizal form
yuiction or these grains. Moiuacation of the form fnct'~n by assuming different burning : u.es un the out-
side of the grain and in the perforation resulted in calculated muzzle velocity in agrec..ent ™ith exparimental
valuen;® however, the calculated peas pressure was below that obtained experimentally. An empirical form
function® was derived by calculating a propellant charge design to deliver the observed average pressure-
distunce e -0 15, specitic loading conditions. Good agreement between calculated and observed perform-
ance was obtained for other loading conditions with the empiricai iorm function.

The results of firings with SPDN 3256 using both the ARC igniter and the Mark 42 igniter indi-
cated that superior ignition was obtained with the ARC igniter. Experimental pressure-distance curves

FIGURE 13 obtained with the ARC and Mark 42 igniters** for
Comparison of Average Pressure-Distance Curve * 80-§ram charge of SEDE: 3256 with a projectile
Obtained with ARC ar.d Mark 42 Igniters weight uf abn:t 310 2rams are shown in Figure 13
us the solid and dashed curvus, respectively. The
average maximvm pressure and muzzle velocity
(obtained by measuring time with a counter chrono-
graph) with the ARC igniter were 15, 600 psi and
1800 ft/sec “-hile the comparable values with the
Mark 42 igniter were 10, 700 psi and 1476 ft/sec.

Average mugrle velocity obtained by
measuring time between two pips on 2 photograph
of an oscilloscope truce for the same loading condi-
tions and with the ARC igniter was 1933 ft/sec while
{ average muzzle velocity for firings with the Mark 42
e 8 +~  i7riter under similar conditions was 1752 {t/sec.

o S LU L The difference in muszzle velocity obtained by the

R -

*Propellant composition and dimensions of the single-p~rforated gruins of SPDN 3230 are as iollows:

Composition Weight Per cent
Nitrocellulose (13.15) 90
Dinitrotoluene 8
Dibutylphthalate 2
Diphenylamine 1
Grain Dimensjons
Grain Length 0.271 inch
Grain Outside Diameter 0.080 inch
Perforation Diameter 0.016 inch
#4Firings with ARC igniter -- Firings number 26, 27, 28, 29, 35, 3¢, 53, 54, 55, 65, 94, 95, 108, 109, 110,

111, and

Firings with.Mark 42 igniter -- Firings number 30, 34, 37, 38, 40, 50, 51, and 52.
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IV. EXPERTMENTAL STUDIES IN GUN A 13
two methods of measurement for these firings is typic~l of the difference obtained in other firings.

B. FIRINGS WITH JPN OR JPH SiiiieT PROPELLANT

Several firings were made with cunventionally loaded strips of uninliuited TPN sheet propr‘lant
both 0,076 and 0. 045 nch thick.® The siri; ; were approximately 4. 5 inches lorg wud 0. 125 inch wide. Re-
sults were very erratic, but examination of recovered propellant fragmente ndicated that the propellant
distance burned was in good agreement with that theoretically calculated from *i.2 obr« ‘ved pressure-time
data.

FIGURE 14

Projectile Used for Attached-Charge Firings with JPN Shect Propel..:t
(Projectile Type D)

In addition io the conventional firings with charges ot JPN strip propellant, several {irings were
wadz vt strip propellant attached to the projectile.’ The projectile used in this series of firings is shown
in Figure 14, Two co-axial cylinders of propellant were supported between the main body of the projectile
and the end cap. The outside diameter of the end cap was one-eighth inch less than the inside diameter of
the gun bore and openings were machined in the end cap inside the cylinders of propellant to allow propellant
gas to flow to the rear. The initial firing made with this system used 0. 078-inch-thick JPN sheet inhibited
with a 0. 003-inch ethyl cellulose film. A progressive charg: wza nbtafacd by making cuts one-sixteenth
inch apart through the inhibitor on both sides of the propellant sheet ana parallel to the axis of the projectile.
The totw propellant weight in this charge arrangement was about 46 grams. Although neither prcssure nor
muzzle velocity was successfully recorded, they were prob.ibly low since recovered portions of the propel-
lant indicated that almoat no burning had occurred. To obtain an indication of whether the inhibiting system
or the projectile-propellant system caused poor ignition, tests were conducted tn which (1) similar inhibited
propellant was conventionally loaded along with uninhibited JPN sirip propellant, and (2) uninhibited propel-
lant was employed in the attached-charge projectile. Little burning occurred with inhibited sheet when
conventionally loaded, although adequate ignition of the attached uninh’bited charge was ~btained.

A different type of atiached charge system was used in a serie: of firings made with JPH sheet. *
Three firings in this series were .cade with an attached charge fab:icated from 0. 020-inch-thick disks of
propellant the same size : ; the base of the projectile.* Zach disk )} 1 an eccentric one-fourth-inch diameter
hole cut in it. The disks w-» e stacked with the small holes not aligned and cem. 2nted together along the
edges with a narrow ribbon of cement. The stacr. were in turn cemented to the base of the projectile,

The attached cha. ges weighed about 15. 5 grams and were comprised of 31 disks. In addition to tiw JPH
propellant attached to the projectile, 60 grams of SPDN 3256 was conv “*{onally londed in each firing.
Average pressure versus projectile displacement obtained in these firings is shown by the solid curve in
Figure 15. The average muzzle velocity measured ir (aese firings wrs 2216 ft/sec. The average pressure
versus projectile displacement obtained in comparison firings with 60 grams of SPDN and 15. § grams of

*Fitings number 114, 115, 116, 117, 118, and 119.
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14 IV. EXPERIMENTAL SBTUDIES INGUN A

JPH strip both conventionally loaded 18 shown by the dashed curve in Figue 15. The average muzzle veloc-

ity for these firings was 2302 ft/sec.

Both average pressure and muzzle velocity for the conventional rounds

were higaer than that observed in tho firings with the JPFE disks attached to the projectile

FIGUKE 15

Average Pregsure versus Distance for Firings
Made with JPII Strip Pr etgmﬂmt Conventionally
Loadud and attached to the Projeci!le

FIGURE 16

Profectile-Propellant System Used ia Firings
with IX107 Prup<'lant

(Projectile Type ")

406,000 T i SRR

f
! J» Propelioni Charge - 60 grome 3PON 3288 1 —
| T li,rrnm JPH Strip
40,000 -\‘\» T ’ T 1 Projectile Waght - 440 grams —
t

\\‘ L
\L 7 Jbm siis Comveniianeit
AV T Murre Wiecity - 2302 ’
NG Wi

il o

L
1y ot !

32 000 SPON 3236 Grmsantionsily Looded

- oy

24,600

B LLURE
3
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=
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FIGURE 17

Average Pressure versus Pro‘ectile Travel for
Firings with IX107 Crainr /a Combination
with 8PDV .288

'|__|;_|_:|r|.|:f]

Composition of 1X107 Propellant
Weight Per cent

Nitrocellulose 30.5
Nitroglycerine 28.9
RDX 39.4
Centralite 1.0
Volatiles 0.2

**Firings number 48 ard 49.

Tvo ll-m’ orepelient groins

Projectile

€. FIRINGS WITH IX107 PROPELT.ANT GRAINS

A small lot of IX1C. gropniiant zoaius®
was obtained from the Naval Powder Factory, Indlan
Head, Maryland, in order to evaluate this propellant
for use in the 1,1-inch gun. These grains were suit-
able only for preliminary evaluation of the propel-
lant. Pollowing several preparatory rounds using
IX107 grains alons, twenty-five rounds were fired
using charges composed of combinations uf
SPDN 3256 and IX107 grains.? * The #nitial firings
using this typ: cis>w= were made with 60 grams of
SPDN 3256 conventionally loaded and two grains of
IX107 (9. 7 grama) loaded in a cavity in the projec-
tile (425-426 grams), ** as shown in Pigure 16.

The grains were held in place by the end cap, which
was screwed over the projectile base. Burned areas
were observed at the base of the cavity of the re-
covered projectiles indicating that ignition of the
grains had occurred down the ontire 1>rgth of the
perforations. The end cap was deformed during
firing, howsver, enough to allow the propellant to
separate from the projectile. Average pressure

L -amee projectile Manlacement obtained in these
firings is shown in Figure 17 as the light dotted
curve.

The se. .4 series ! firings was made
using IX107 propellant grains either attached to the

projectile or conv. ~tonally loaded, in combination
*The composition of IX107 propellant and the dinr <nsions of these grains are as follows:

Dimeasions of Seven-Perforated Grain

Outside Diarneter 0.463 inch
Grain Length 1.117 inches
Perforation Diameter 0.045 inch
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1V. EXPERIMENTAL STLDIESIN GUN A 15

with conventionally loaded SPDN 3254. In this group of firings the thicknesa of the rastraining plate in the
end cap was increased to one-eigkth inch. Even 80, the end cap was deformed enough Juring firing to per-
mit the propellant grains to escape. All firings in this group were made with 85 grams ~f SPON 3266, 3. Ograr:s
of black powder booster, Mark 42 ele:trical igniters, and two grains of IX107 propoilant. © Projectile
weighis for the two groups were 442 to 445 grams for conventivnal firings and 436 to 43% yrams for the
irings using attrched IX107 grains. The use of slightly lighter projectiles witn ..~ attached cherges was

t ased on the assumption that about »ix grams of unburned propellant would remaii: 1u the 7 rolectile upon

i's discharge from the muzzle. In addition to the difference in projectilc weights fu- the ‘.. sets of firings,
p.'ssible differences in the forz: funct.on of the IX107 grains may have 7—'led. These diif cencer might

h. ve resulted from (1) the fact chat for conventional firings the grains were uninhi*(ted w. i@ in the attached
1 ingc the cuter grain surface wae probably inhihited ho » nresu contact with the s 43l of ¢t projectile cavi'y

-
a2 Jigs wiw TUET gRlaall SUINASS SRy Aot PNLECY

wlvn the propellait was in the cavity #n2 (2 grain FiGURE 18
br. akupof atizched IX 07 grains associated withde- Projectile with Cavi*cs for :.cadiag
¢z aion of the 4 can, 4 M-7 Propellant Crz'us

(Projectile Tyna X;

The data do indicate, however, thet for
the ‘iring conditions employed, somewhat highe:
avel we muzzle valeritles 2nd gulta differant aver-
2z~ rreasures as a fnction of projectile displace-
ment were ubtained with the a‘tached IX107 “:rains.
The avarage of ‘ke muzzle velocities corrected to
a temperature of 30°C for conventionaily loaded | f
charges was 1897 ft/sec 48 compared with the aver- |

age corrected velocity for the attached-charge fir- |. |
ings of 1935ft/sec. * Averagepressureversus pro- | e

|

I - Combiaw e Poogeihes e

Sisembt Berg v iy [

irztile displacement for the attached-charge firings

is shown in Figure 17 as the light dot-dashed curve | o o

whilc the light dashed curve was obtatned forthe . _ = =
comparison rounds fired with the entiru charge conventionally loaded.

An additional series of lirings was made using 78 grams of SPDN 3256 and two grains of I¥107,
conventionally loaded with & 433-gram projectile, to obtain data to cumpare with theorstical calculations. **
The average pressure versus projectile displacement obtained in this series is shown in Figure 17 as the
light solid curve. Theoretical performance for these loading conditions was calculated using the system of
Corner*® to account for the bi-propellant charge. The results of this caleulation are shown in Figure 17 as
the heavy solid curve. The theoretical curve is in ' wonable agreement with the experimental measure-
mants.

D. FIRINGS WITH M-7T PROPELLANT GRAINS

A series of firings was conducted with a bi-propellant charge composed of 80 grams c SEDN 3166
and approximately 20 grams (three grains) of M-7 propellant. *** Ther~ firings were made to compare per-
formance with conventionally loaded M-7 grains to that when these grains are loaded in cavities in the base
of the projectile. The projectila used in the attached- :.arge firings is shown in Figure 18.

Firings w\ re made with SPDN 3256 and M-7 grains both conventionally loaded for three different

projectile weights. Avirage mussle velocities obtained in these firinc:. were 1925 ft/sec for a 443-gram

*IX107 grains attached to the projectile — Firings aumber 75, 76, 77, 78, 79, 8C, and 81.
1X107 grains conventionally loaded — Firings number 69, 70, 71, 72, 73, and 74.

**Firings number 126, 127, 128, 129, 130, 131, 133, and 134.

#%%The single-perforated M-7 grains used in these (irings had a- outside diameter of 0.375 inch and an in-
side diameter of 0.125 inch. For conventional loadinge the grains were cut in one-inch lengths. Grains
threc inches in length were used in attached charges.
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16 IV. EXPERIMENTAL STUDIES IN GUN A

project'.e, * 1943 ft/r.c with a 402-gram projectile, ** and 1979 ft/sec +.'h a 385-gram projectile. **~
Ave- age pressure as a function of projectile displacement obtained 'n these firings with a 402-gram pro-
izctile {8 showa in Figure 19 as the dashed curve. Theoretical jerformance calculated v3ing the empirical

{form funct‘on for SPDN 3256 (sce Section A) is also
shown }u Figure 19 as the solid curve. The calcu-
lated muzzle velocity, 19601t/sec, is quite close to
the average experimental value of 1843 ft/eac. F:.-
cept that the maximum calci'ated pressure erceeds
the experimental value, the calculated ciuve is in
reasonable agreement with the experimental aata.
Si« rounds were fired witlithe M-7 pro-
pellant graine attachedto the pro’ectile. The ava-.
age maximum pressure earuvred as a function of
nroleciis (L avel in thege Jirings 18 shown as the
dotted cu. ve In Figure 2C. For comparisonthe aver-
age maximum nressure observed in comparison fir-
ings with M-T grains conventinnalivlnaded {8 shown
s Figre 20 as the dashed curve. These observed
pressure curves indicate that the maximum pressure
at a function of projectile displacement ie reduced
when the M-7 grains are attached to the projectile
although the average measured muzzle velocity is
increased from about 1979 ft/sec to 2022ft/sec. The

FIGURE 20

Average Progsure versus Projectile Travel for
Firings made with 20 Grams of M-7 and
60 Grams of SPDN 3256

32

e 40 vome 70N 3280, 10 prome K7 Cateviored (arreshos) ]
Id Projectits Wt - 370 grame, Wuasle vetocity - 98D f1/0ec

- 40 proms 370M 3258, 20 -7 £aporimonior (Convontrone’;

vome | Cont
Proststiie Wehr - 385 grems, Muttie Veissity (978 H/soc

28,000 \\
\“ | reasarirens :('J.:m SPON 3296, 20 grams M-T Experimerti (;
\
\

[Attoshod)
ctile Wsight - 377 grems, Mussis Velweity 2002 f1/5ec

24,000

PAESSURE - pau

TRAVIL - Inches

*Firings number 83, 84, 85, 86, 87, and 88.

**Firings number 96, 97, 101, 102, 103, 104, 120, 122,

**sFirings number 89, 90, 91, and 92.

FIGURE 19

~omparison of Observed Performance with Calculated
Perfur wance for a Charge Composed of 60 Grams of

PRESSURE - pai

SPDN 3256 20 Grazs ¢! M-T
both Conventionally l.onded_ _

TAAVEL - inghes

calculeted performance under the assumption that

the M-7 grain, are attached to the projectile is shown

in Figure 20 as the solid curve. The calculated
pressure curve is in good agreement with the ob-
served curve although the calculated muzsle velocity
of 1969 ft/sec was low compared to the average
value measured urder these conditio:. s.

E. FIRINGS WITH POROUS GRAINS CAST FROM
NITROCELL ULOSE BALL POWDER

The linear burning velocity of even the
fastest-burning conventional propellaants is too low
to permit their use as attached, cigarette-burning
charges in the 1.1-"vch gun. Two possible methods
of obtaining 2 high mass rate of burning are the use
¢! uormal propellauts with a grain designed to have
a large burning surface, ard the use of a porous

propellant with 2 extremaly high linear burning rate.
Porous grains were made by cementing together pre-

plasticized nitroceliulose ball powder! The propel-

123, 124, and 125.
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IV. EXPERIMENTAL BTUDIES IN GUN A 17 1
lant was cured »t 70° F and 1000 psi for 14 hours to form grains of the desired shape.
Gratns of this type were cast In*o an opening three inches deep and one inch in diameter in the
base of several projectiies. The charge us cast was approximately 2.5 inches 'nng and weighed appr~x-
mately 57 grams. The initial firing made with this charge used a standard igniter with i've grams of -
JPN strip around the extension tube tc increase the initial pressure. The muzile velocity recorded was
220 tt/sec and the pressure was tuo low to measure. The projectile was rocoy 2.4 with most of the propel-
lant intact. There was no visual evidence that burning had occurred, The missing proj:. lant was probably
lost when the projectile struck the sand in the gun butt. The length of the propelia ¢ gr=... had been reduced
about one-half {r.ch by the celoack forces during the firing. A sacend ['.1.g was mude wi ', 2 porous attached
charge and 80 grams of SPDN 3258 conventionally loaded. Extremely high pressires in ..:s firing irrepa-
rably damaged the barrel and breech of the gun. It 1s believed that the rapid pressure =<2 due to the
SPDN 725¢ broke up the dall powcer _iiarge which in turn burned very rapidly to generate the excessive
pressure,
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18 V. EXPERIMENTAL STUDIES IN GUN B

Experimental 'irings in Gun B wore conducted during the period from June 1954 to November
1954. Loading conditions and pertinent measured ballistic data for all firings in Gun B “ve gven 1r Table II
of Appendix A.
A. FIRINGS WITH CONVENTIONALLY LOADED CHAKGES OF SPDN 3256
The {nitial firings in Gun B ware designed to test the operation of the gun uni instr. mentation.

These firings were made with a conventionally loaded FIGURE 21
charge of 90 grams of SPDN 3256. Thefirst 13 fir- Basket-’ Projectile
ings of this 18-round series were made with projec- (Projectile Typc O)

tiles having a phosphor bronzo forcing band. Nominal

weight of the projoctile was 352 grams and weight of

the forcing band w25 =buwt Dgrams. Muszle veloc- T ettt Tabe | Thg-tee  wese Prece

ity - tho tirmt seven*® of inese sounda measired iatermsiimenfiby o3

using the photoelectric screens and tue countec-chronograyh was 2185 + 78 ft/sec. F-. ihe noxt 2ix firings**

the muzzle veloeity metsured using the conducting glass slides and counter-chronograph was 2185 + 39 it/sec.
A sories of five rounds was fired with no forcing band on the projectiles. **¢ The average muz-

wle veiocity++** {or this series was 1970 + 60 ft/sec as measured with the photoel=ctric screens and counter-

chronograph. The average value of the peak pressure measured in the firings with the forcing band was

25, 800 psi, while the average peak pressure for the firings without the band was 14, 800 psi.

B. FIRINGS WITH BASKET-TYPE PROJECTILES

A scries of firings was made in which the propellant was loaded in a perforated steel basket
attached to the rear of the projectile. Figure 21 is u schemauc drawing of on= iype of basket projectile.
This projectiie is assembled from four pieces: (1) a nosepiecs; (2) u perforated tube with a wall thickness
of 0.035 inch; (3) a threaded plug, which is silver

FIGURE 22
Modified Basket- Projectile soldered in the forward end of the perforaied tube
( Projectﬂe% o-i’) and into which the nose is screwed after the propel-

i lant is loaded; and (4) a tailpiece and an internal
Caly g flash tube which is silver soldered into the perfo-
i B di“b rated tube. A flash {ube extension from the primer
slipped into the permanent flash tvbe in the basket
to ignite the propellait. Four firings were made
with projectiles of this type, Firings 163 through 166. In each case, mechanical failure of the projectile

baskst occurred. *
S1x additionai firings were wmads with r2dsal- -~ hasket_twne projectilas. The profectiles,

shown schematically ' . I‘vure 32, were fabricecd from haat-treated ailoy stesl with the tubing and tail-
piece an integral part. Fabrication of the nosepiece of the projectile was the same a2 with the profe.itls
shown in Figure 21. Firings 175 and 176 of this series wers made with 5C ,~ams of JPN strip propellant
0. 045 inch thick loaded in the basket, while {irings 177, 178, 185 and 186 were made with JPH strip pro-
pellant fabricated by cementing togsther two sheets of prupellant each 0. C*Y inch thick. In each firing
structural failure of the basket occurred, usually the tailpisce separating from the body of the busket. *

Perforoted Tube Thrudod Noee Piece

No propcliant was recovered in any of the projectiles.

"M\:’zﬂe3 velocity measured using photoelectric screeas — Firings number 137, 138, 139, 140, 14}, 142,
an

"?ﬂ‘\;z:le velocity measured using conductiag glass slides — Firings number 144, 145, 146, 147, 148, and

***Firings number 150, 151, 152, 153, and 154.
*#%%The velocity reccrded for Firing 154 is believed to be incorrect, and is not included.
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V. EXPERIMENTAL STUDIES INGUN B 19

For comparison, six rounds were fired with cemented JPH strip propellant conventionally
loaded. For these firings the projectile was seated in & position such that the effectivc chamber volume
was the same as in the attached firings. A five-inch flzsh tube was used with the conventi- il rounds but
not with the basket projectiles. Curves of average maximum pressure recorded as a fan-tion of distance

down the barrel from the breech for the attached- FIGURT 23
charge firings and for the conventionally lnaded com- Co son of Aver Preswure ve -sus Distance
parison rounds are shown in Figure 23. The maxi- m the Breech for Basket-Type Projectile

mum pressures recorded at the various gage posi- and Conventions! Firings !

tions are higher with the charge loaded in the basket l "
and a reasonably constant pressure is obtained dur- B _<L 0
ing the first 15 inches of projectile travel.® The N\ \(/-"-----—-:.-,m :
average muzzie velociis racorded for the attached- 200N\ —
chasgo firings was 2987 ft/sec as compared with a [
velocity of 1891 ft/sec with the charge conventionally
loaded. Unburned propellant recovered in front of
the gun for the convanticnal #i-izzs averaged 0. 008 ‘§
snch shickin good agresment with theoretical predic- | poee ittt s
tions. o | ;
In addition, twofirings were made with P - A p
mm-typopro)ecmeluﬁuamlcdhﬂum UEANCE: RO SABIN - Ihehee ]
in Figure 24.° Theoretically, uu.xpcudth-tmdnenwmmcmmmnma .
b _.=r projectile nmm-mwm:mwmmmdmpm-nymm
promuummuwandmmmwdmmuw The average muszle velocity
ex*3ined in these firings (Firings 188 and 189) with cemented JPH strip propellant was 22id fi/sec. In both
romd-munpteeemmmmmmammtmmw;-mcudmmmm

i
!
il
a‘
f

C. NINETY-ONE-PERFORATED GRAIN FIGURE 24 ¢
The optimum propellant graindesign for m-'l‘n;"gr bcﬂhl r\;:hgc)odcd Tail :

munnﬁachodcmuemtsmnnbmdu !
very progressive. One approach to such a charge :
is a single ninety-one-perforated grain. A projec-
tile was designed witha cavityin the base into which
mantnmty-m-poﬂmudmhum
mumhmmemdowuw-mwro-
cellulose.®

Plastisol-grade nitrocellulose (12. & p= ¢an N) was made by poth the coiioid-ires and s
co’loid process o cast these grains. mmummmmeom:

Per "~ntage
Nitrocellulose (13. 6 per cent N) 50
Nitroglyceric 45
Diethylphthaiate 3

mm—»mmmmmmn-pmmmmnwwwm
colloid-free process, dnmoldeoddnothonwmmmpﬂn.‘ Acceptable grains were
cast, however, Mhmﬂdmmanﬂ&va.

e e

#The propellant adhered to the perforation and was stripped out of the projectile evei though the perfora-
ﬁ::‘ was Teflon coated and the interior of the projectile was threaded ‘;orjbctter 1‘.':t‘:nuon of uui;opclhnt
grain.
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20 V. EXPERIMENTAL STUDIES IN GUN B

One round, Firing 187, was fired with a ninety-one-perforatcd grain cast in the base of a pro-
jectile as shown in Figure 25.° Both muzzle velocity and maxizaum pressure recorded in the firing were
relatively low. The recovered projectile indicated that the end cap had been sheared of? during the firing
and that no unburned propellant remained in the projectile.

Additional experimental studies with this type projectile were in process when we program was

discontinued,
FIGURE 25
Ninety-One-Perforated Grain and Projectile
| (Projectile Type J-2)
|
|
|
4 ¥
e
_—
e
p :
.
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V1. INTERIOR BALLISTIC STUDIES 21

As a parallei to the experimental gun firings, interior lailistic studies were made to aid in the
interpretation of experimental results and in the design of propellant charges.

A. CALCULATED SHOT-START PRESSURE AND RETARDING FORCE ON THE VL. .JECTILE

A method was developed to calculate, 10r a given set of loading conditions ana with assumed
vaites of maximum pressure and muzzle veiocity, explicii vaiues of shot-start prosmve and retarding force
on the projectile.® Using values of average muzzle velocity and maximum pressure recordes !n the series
of Firings 167-172, shot-start pressure was estimated ‘o be 13, 300 psi and the retarcing for: 2 on the pro-
Jectile was estimated to be 2850 pounds. These firings were made with conventionally loadea TPN strip
propellant 0. 045 inch thick. These values ot shot-start pressure ard retarding force were «.- ployed to
calculate the performance for firings using a 50-gram charge of JPH strip propellant ~snven*:onally loaded.
The calculated values of maximum pressure snd muzzle velocity were in good agreemsnt with those observed
for firings made with this charge.®

v. FRESSURE vhuJ be: wEEN BREECH AND FIOJECTILE

Anzlysis of {iring curves in which pressure was measured at various positions down the gun
barrel indicated that the pressure drop from the breech to the first gage position just forward of the base
-1 the projectiie was greater than predicted by conventional interior ballistic theory.” Most interior ballistic
systoms arc o sufficient accuracy to be used for calculating maximum pressure and muzzle velocity for con-
ventional gun systems, but are inadequate for firing conditions in which the propeilant burns throughout the
time the projectile is in the gun. These systems are also fudequate as & theoretical basis for the compari-
son of experimental pressures obtained at various bore pos::ions.

Interior ballistic calculations require an accurate relationship for the pressure gradient between
the breech and the base of the projectiie in order to determine the momantum cf the propellant and propel-
lant gases and the acceleration of the projectile. The simplest solutions to :.2 hydrodynamic problems of
distribution of pressure, density, and gas velucity between the breech and the base of the profjectile are
based upon the assumption that the density of the propellant gas is constant down the bore. Based on this
assumption the following relationships are obtatned:'®

Velocity Distribution:
X9
vt y dt (1)
Ratio of pressure at breech to pressure on the base of the projsctile:
[}
—E s |4 gl— ")

Py 2w

where x is the distance from the breech, y the coordinate nf the base of the projectile, ﬁl the projectile
veiocity, P, the breech pressure, Py the preasure cu the base of the projectile, C, the“ i)ovder mass, and
W the projecale mass.

Equation (2) indicates that the relationship between breech and ' ot pressure 1s independent of
the velocity or displacement of the projectile, in disagreement with the intuitive concept that the pressure
gradient should be zero when y =0 a:d ehould increase wits. projectile triv~) down the bore. Hunt'' derives
Equation (2) and obtains an indirect dependency of the preesure gradient on projectile travel by assuming
that the unburned propellant remains at rest in the chamber. Then C, in .5 equation is t>e weight of the
propellant burned, which is indirectly related to the displacement of the projectile.

The more elaborate solution to the hydrodynamic problem given by both Pidduck'® and Kent'* for
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22 V1. INTERIOR BALLISTIC STUDIES

the ratio of pressure at the breech to the pressure on the base of the projectile is:

P c AN | TRAYAY

T - T (WI> ¥ (W"ssor')(_wl') e L)
where y 18 the ratio of specific heats of the propellant gases. This solution is verv close to the conventional
approximation given in Equation (2), differing only by terms of higher powers of -%L, nd &;rn does not in-
dicate any dependency of the pressure drop on projectile travel. On the basis of the sasumpti-ns made by
Pidduck and Kent to describe the hydrodynamic problem., the initial density decreases ircw. .~eech to pro-
jectile in disagreement with the previous assumptica of constant density.

The {mortance of the densaity gradient on the ratio of breech pressure to nressur» on the base

of the projectile has baen considered’ making *he agsumption that the gas density, £, , ctn he expressed as

the polymomial,
2

)'0

where A 18 the cross seclion of the base of the projectile, and 99, ay-..- am Are arbitrary constants. Under
thie agaoeesitnr, integration of the equation of continuity

gf+—°- (Pv) =0 (4)
gives the following expression for the velocity of the guu at any position
vse —-—L (5)

wkilh is fdeniical to the expression obtained under the assumption of 3 conswmnt density.
To determine the ratio of pressure at the breech to pressure at the base of ths projectile for the
assumed density function, Equation (5) is used together with the equation of motion of the gas

T+vﬂ--7 dx (e

P
_P:_.H%i'go-r;lz- Q)

which for a constant density reduces to Equation (2).
If the existence of pressure waves is neui...lod, tDe gas density probably dscreases monotonically
from brae:l: to projeitile. For the case in which the density is a quadratic in x

P--&- [o°+o, -§-+ °z(‘§').]

and the density at the breech is 110 per cent of the averags density, the crustants can be evaluated as follows:

ap s LY
0, s-(0.2+§ op

-0350,20.15
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V1. INTERIOR BALLISTIC STUDIES 23
P,
The pressure ratto -Fb- under these conditions becomes
s

P, 0
b=y [23 32

B ot w [+ % 8
Thus from comparison of Equation (7) with Equation (2) it is concluded that the variation of gas density
down the bore has little effect on the magnitude of the ratio of breech to projectiic - .e3nure.

C. INTERIOR BALLISTIC SYSTEM FOR ATTACHED CHARGE

An interior ballistic system was developed to calculate the performance {o- ** ings iu which a

conventional propellant charge was attached to the projectile or when part of the propelli.. was conventionally
. ioaded and part attached to the projectile. In this system the form function of the propeiia.! zharge and the

propellant burning rete are used tc determine an equivalent mass burning rate for an assume’ end burning
chares stiicued to the projectile. In general, for conventional propellant charges he ays:ein predicis thut
the ras column to tha rear of the projectiie flows away from the projectile during the early part of projectila
travel and thereafter flows in the same direction as the projectile.

The equations forming the basis of the interior ballistic system are:

_Equation of Motion:
dvp
Py A-FiM — 2 (9
Equation of State:
P{v-n)s NRT, (10)
where
V| +AX 4 108
v Cij + Caj +P (B
and Equation of State at Rear of Combustion Zone:
NRT,
Pz s —-l—&. - (ll)
Pg -7
Energy Balance:
_ Cn-CnI)
T W e X
-L Cy (Cij + Cyj JaT = %hf AAV dx +LF¢! (132}
: VI CreCon
' A waw e
or assuming a Kent distribution of the propellunt and propeliant gases to the renr of the combus.icn sone:
! MVE  G+C
| Gy (G + Cap)(T,-T) = 5=+ 551 (Vg - Vg)'s FX (13)
' Velocity of Gases Leaving Combustizn Zone:
e
- (P-Pg) ,
v v (16)
(I —ﬁ;'n'
Pressure Drop across Combuation Zone:
o

Ps-Pzs pr'vg (18)
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24 V1. INTERIOR BALLISTIC STUDIES
_Relationship between Space Average Pressure and Pressure at Rear of Combusiio.. Zone:
\n‘Ct _ {vp-Vglivg+ r')
L 2 [ “df t Vi C +GCa ] €9
At —= s —T-L
Form Functions of Propellant Grains:
Gy =a L+ B, L:*’o‘-l' (17)
3
Coj=Nlat Balat 1Ly (18)
where
L.-Kf'Pnat (17a)
Ly :Kj /_2_";_) dt (18a)
»!_!ﬂoctive Burning Rate of Attached Charge:
dCy; dL (19)
[ i | Yy Ol
r! =z Y :-PT(G.{‘ZQ'L.*By.LQ) "d,
where

A = croas-sectional area of bore

Cy = total unattached charge weight

Cp = total attached charge weight

Cy = weight of C, burned at time t

Caj = weight of C; burned at time t

Gy = specific heat of powder gas at constant volume

Fp = frictional resistance to projectile motion

L, =distance burned through C, grain at time ¢

L, =distance burned through C, grain at time ¢

A = total mass being accelerated; M = weight of projectile + C, - Cy;
M’ = mass accelerated, adjusted for record heat loss, rotation, etc.
NR = gas constant

n = burning rate pressure exponent

= gpace average pressure in tube

- - pressure at flamae wone

Py = pressure on bsse of projectile

Pp = pressure at breech

r! = effective burning rate of C,

Ty = constant volume flame temperature

Tp = constant pressure fleme tomperature

= velocity of projectile with respect to gun

Vg = velocity of gases leaving fiame sone with respact to projectile
V, = velocity with respect to gun of gases at any X-section

v = specific volume of powder gases

V; = initial free volume

&
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W = welght of projectile

X = displacement of projectile from initial pose

x = distance of any X-section from initial position of projectile

Y = ratio of specific heats of propellant g=es
3,8,y = coetficients used in form functicn

8 = constant used in Kent distribution I gases

7 = co-volume of gases

K = burning rate of coefficient

P = density of solid propellant

Pg = density of propellant gases leaving flare zone

R =density of gases at any X-section

2%

These equations are solved using a stepwis., iterative procedure tc determine ha;'istic perform-

ance for s gi* gu set of loading conditions and propeliant parameters.
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26 V. CONCLUSIONS AND RECOMMENDATIONS

A. GUN RANGE AND INSTRUMENTATION DEVELOPED TO CONDUCT EXPERJ ARNTAL FIRINGS

A gun range was constructed and an instrumentation system develsped to 1:es5uc¢ mallistic par-
ameters in the experimental firinga of modified 1. 1-inch guns. The instrumentation systez. wi.ch was
evolved during the program was functional and reliable.

The modified 1. 1-inck guns wcoe not entirely satisfactory for use in this stiy. T'» major
difficulty was the extremely small propellant web that could be burned. As a result, the desigo «nd fabri-
cation of progressive propellant chazges and the procurement of adequate standsrd test prope... nt was
difficult. If further studies are conducted it is recommended that a 3''/70 caliber gun be em,;.~+d.

8. PRESSURE AT BREECH MEASURED WITH A PRESSURE GAGE-IGNITER COMBINA TN
A pressure gage-igniter combination was developed to measure chamber pressure. Wilh this
guge, which #47 inio the cartridge case, drilling through the receiver into the chamber aid alig-ing inis
pressure »ussage with a hole in the cartridge case is ¢lfinu.atad. These gages gave excalient, ~scillation-
free pressure traces. The major problem with the gage was the effect of the hot gases wkizi: sarro-aded
the gage housing on the gage sensitivity.

L. ISWITION OF INHIBITED JPN SHEET PROPELLANT DIFFICULT

A progressive charge was fabricated by inhibiting 0. 078 inch thick JPN sheet propellant with a
0. 033-inch film of ethyl cellulose and by making cuts one-sixteenth inch apart through the inkibitor on both
sides of the sheet. It was found that propellant prepared in this manner was extremely difficult to ignite in

gun firings.

D. HIGHER MUZZLX VELOCITIES CBTAINED IN FIRISGR WITH SITRE%ZiR IK107 OR M- 7 GRAINS
ATTACHED TO THE PROJECTILE

The average muzsle velocity obtained ia firings fa which either IX107 or M-7 propeliant grains
were attached to the projectile in combination with conventionally londed SPDN 3286 was somewhat higher
than the muzzle velocity obtained 1n comparison firings in which al! the propeilant charge was conventionally
loaded. Comparison of average pressure as a function of projectile travel for the two loading conditions
indicated that lower pressures were obtained when the propellant grains were attached.

When either IX107 or M-7 grains were attached to the projectile the end caps which initislly
2estrained the grains in cavities in the projectile base were deformed enouith to allow the grains to escape.

E. HIGHRER MUZZLE VELOCITIES OBTAINKD IN FIRINGS WITH BASKET-TYPE PROJECTILES

The average muszle velocity recorded for firing in which the propellant was loaded in a steel
basiet attached to the basc of the projectile was about 20© #/sec higher than the average mussle velocity
recorded in firings wi*’. ‘*¢ same charge and prijectile weight in which the propellant was conventionally
loaded. The maximum pressures recorded at the various gage positions were higher when the ~hargc vag
loaded in the basket and a reasonably constant pressure was obtained during '*e firut 1% inches of projectile

travel.
In each firing with a basket-type projectile stz uctursl failure ¢’ the basket occurred, usually the

tatipiece separating from the body of the baakst. No propellznt was recovered in any of the projectiles.

F. METBOD DEVELOPED FOR CALCULATION OF THEORETICAL PERFORMANCE OF ATTACHED
PROPILLAN'I' CEAROI OR ATTACHED CHARGK IN COMBINATION WITH A CONVENTIONALLY

An interior ballistic system was developed to calculatc the theoretical performance for firings

in wiich a conventionzl charge is rttached to the projectile, or when Hart of the propeliant is conventionally
loaded and part attached to the projectile. In this cystem the form function of the propellant charge and the
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VII. CONCLUSIONS AND RECOMMENDATIONS 27

propellant burning rate ure employed to determine an equivalent mass buning rate for an agsumed end-
burning charge attached to the projectile. In general, for conve.tional propellant - bargas the calculation
predicts that the gases to the rear of the projectile {low away from the projectile curing the early part ¢”
the projectile travel and thereafter flow in the same direction an the projectile.

A stepwise iterative procedure is employed io solve the equations .!~scribing the ballistic system.
Calculated performance curves ar: ‘n reasonable agreemeat with experiment.

G. DESIGN OF ATTACHED CHARGES USING CONVENTIONAL PROPELL/.ITS " =QUIF.ES HIGHLY
PROGRESSIVE, SMALL-WEB GRAINS
Propellant charges designed with conventional propellants to approach the periormance of an

‘mprise gun in the modified 1. 1-inch guns require highly progressive grains with smal' wez, Tle most
promising sgproach waus found to be a ninety-one-perforated grain cast in a cavity in the bsa» of a projec-
tile. 8necesaiw grains of this type were made with plastisol-grade nitrocellulos.. TLaa< grains wers
conposed of 50 per cent nitrocellulose (ild. 8 por reui K), 45 per cent nitroglycer!n and  per cent diethy: -
phthalate. Only one round was fired, however, before the program was terminated. :: is svgrested that
the nse of such grains s attached charges be further investigated.

B. MECHANICAL ATTACHMENT OF PROPELLANT CHARGE TO THE PROJECTILE A MAJOR
¥ROBLEM

A major problem in the utili cation of conventional propellants in accordunce with the attached-
charge principal in the modified 1. 1-inc.: gun was raechenical attachment of the propellant to the projectile.
The forces involved in accelerating projectiles to high velocities often exceed the strength of both propellant
and practical metal parts used to transmit the accelerating force from the projectile to ths propellant. In
no experimental firing (with a reasonable musii¢ velocity) in whic: part ot the attacired propellant was not
expscied ¢o burn did uburned propeliant remain iu the projectile tiroughout projectile travel. In addition,
even the strongest basket-type projectile employed in this program suffered mechanical failure either during
travel in the gun tube or after leaving the bore. It is suggested that further investigation of baskst-type pro-
jectiles be undertaken to determine the mechanism ui siructural failure which occurred in experimental

firings.
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28 Table 1
Loading Conditions an¢t Ballistic Parameters for Firings Conducted in Cun A
= T
Booster | Projectile Pug. 1 Pos. 3 fue. . | Pue. 4 | Mussle
Firing Weight P . ter Tempgraiure | Chamber
Propellant Loading harge | Wizt Prossure | Preseure | Pressure Vressure | Vel
No. {Gms) m harge | (o7 (Gas) 1'1) Prossure (pet) (ped) reens |' (pat) (n/ln.“tl ¥
1 N B0 Counv, [ - = 94 i 2 = -
2 |sPUN 380 | 350 | Coav. c v.2gB.P.) - - $.000 - - - -
3 |sPDN2te | oy | Conv. c - - — - - ' o -
4 |SPDN 31848 | 500 | Comv. c 80gB.¥.,) - 303.1 = = o = o S
S | SPDN 3288 | 0.0 | Coav. c s.ogdP.| - 01. 8 o u 2 4 ;5 = -
¢ |SPDN 3184 | 80.0 | Coar. c S.UghP.' - S - = = s 1600
7 |SPDN 3288 | 300 | Coav. c 5.0gB.».| - -] 200 - = 2 a ]
s |&pDN 3386 [ 0.6 | Conv. ¢ "ogB.P.| - 304 . = N 2
? N 3. ®.0 Coav, < $. . P. s 308. ~ - - - =
10 | APDN 3286 ; 00.0 | Comv. c 8.0gB.P.} - 304, .0 10,000 4, 800 - 1903
Il | 8PDN 3368 | 47.7 | Coav. c sogar»| ao 201. no - - [ [
12 N 3284 | 45.7 ' Coav. c 5.0gB.». - 308. - - - | & "
13 | JPN Relp | 48.3 | Coav. c 5.0gB.P.| - 07, 4“0 = = - 1017
14 |sPoN3tle | 3.8 | Cav. c 3.4¢B.P.| 140 209, ».0 - - [ 8
18 | JPN Ary | 484 | Cun. c 5420 P, 8. - = - - . 1634
18 | JoNsvic | 454 | Coov. c sLOgB.Y) - 202, as - - - - m
17 {2¥DN 3286 | 5.0 | Coav. c 1.7B.P. 308, - 18,350 - - -
18 N 3 0N . v < 5.0¢B. %! - 08,0 - - - - - 2044
1" 2235 +0.7 | Coav. C 3.0gB.P.| & 307.0 .0 = . = s o i
o | EPLH 5290 | 48, [ £ 10gB s 204.0 ®o S = S . - [ ]
At P uTU.N 3288 | 4. Coav. c 308D i e v - 9,30 - ¥ - | - "
31 L SPUN 3180 | 46, Coav. c 20gB.P.| & 203 - - - 2L ) 13,900 03
33 | 4PDN 3388 | 4T Conv, c 1Cgd.P.| & 303, - - ER A -
34 | ¥PON 3206 | 60. Cruv, c L3gs.».| 1L 07, “uo - = . - 1018
2% | SPDN 3 80. Coav. c Lighp| L 20, - - - - - 1390
| 29 |BPLNIIM | K. Coav, c 20«d.P.| 2 310. “wo - - - = 1818
131 [ ¥PLX 3188 | 0, Conv, C LygB.P.| R0 048. @ = 4, 000 - - 04
*8 1 S/UN 3336 | 0. Coav. c LegR P 1 308. i = = - - 2000
¥ |avDN 88 | & Con~. (o 1.7gB.P.| L. 208. - - - - 000
% |BPLK2t7 0.0 | Coav. c Mk 43 1 00. 5.0 24, 300 - - - 1508
12 SPON 3388 | 0. Coav. [ Mk 43 1 8. "o - o - - -
I M 3 ®. Coav, c Mk 43 1 u. (%] - - - - -
33 | aPDN 3264 | €0, Coav. c M €3 3 208. al - - - - -
34 | SPDN 3| 00, Conv. C Mk 43 2 00. @ao - - - - 1007
35 SPDN M| 00 Coav. [of 2.8¢B.P.| O "3 o = 0,40 - - 108
| PN % At D LegB.P.| -~ ~ - - 1, 300 - = -
37 [sPDN3tie | ®0. Cony. c Mk 4 20 210. wo - - = = 1738
38 | SPON I | 0. Comv. c Mk 43 20 318. "o - - - - 1836
% | BPDN 3258 | %, Conv. c 10gB. 20 inL “ws 13, 100 = - - 1004
4 |erDNilM | . Coav. c Mk 42 1 1. "0 o 4, 100 3, 900 = 1944
41 JPN Btrip | 80.8 | Coav. [ 1Logp.pl % 310. no 10, 900 - - - 174
a srip | W Att, D 1.0gh.P.| 1. 3% ¢ no - - - -
() N Srip | 50. Comv. [ Lo S Y 3.9 "o = - - - L 1
“ IxX 107 23.¢ | Comv. c 1.0 S 208.0 no > = = o =
. Z7 | age | Cewr. ¢ Lsgr | 1. 90 - - - - - )
4 IX 101 9.3 | Comv. [ 1.0g3.7.| 2 Mn0.0 - 4, 000 - - - M
JPN 40.6 | Comv.
41 | PN ¥ 0.0 | Comv. [ 1.0gB.P.| 20 310.0 "o - - - - 2000
X 0.8 , Conv.
“ -axlggu .‘)’2 C:;v r Mk 43 by 984 o §, 500 9, 00 = = 1383
® "&'lb .‘ Cﬂv r Mk 42 E S ) 404 - 19, 300 o, 100 4, 900 2,900 1
50 | SPDNt 3304 | 8. Coav. c Mk 42 L 310.0 - = - - = 117
$1 | SPDN 3188 | 0. Comv. [ Mk 43 48 310.0 - 8, 000 s, 100 - - 1.
§2 | sPDN 3186 | 00. Coav. c Mk 43 IX] 8. : "o 18, 859 700 - 00 | 1447
33 | sPDN 3388 | 8. Coav. c 1.0gb.P.| 38 316 = 16, 000 4, 300 - - 1181
$4 | 8PDN 3354 | 00. Coury. r LOgB.P.| 18 3110 no = $, 150 = - 1008
% |ePDN 2384 | 0. Coav. [ 1L.CGE.P.| 2% 1.0 no 16, 100 16, 500 3, 000 3, 800 170
8 | Imery | 0. At D 31gB.P.| -— 334.4 S 4, 000 $, 000 e C [
87 | Jpnarip | 3. Coav. c L6gB.P.| LS 321.0 - 4, 000 4, 000 = 1, 900 ]
[ .,m . Coav. c 1.bgB.P 1.9 332.0 = = = ox i 38
» 3 0. Coav. [ Mx 42 18 NL0 = = 19,280 | 15,700 3,00 | 20
® | apDN 384 | 00. Cony. ¢ 1.0gB.P.| 238 311.0 "o - ~ - — 131
o1 | spDw 3388 | 90. Comv. ¢ 1Lo0gB.P.| 28 1.0 100.0 . - ~ - - M1
v | BpDN 3286 | 00, Conv. c 1.0gB. 30 310 1000 10,300 | 4,000 - 3118 | 1170
IX 307 9, Conv.
o |erFDNI| 0 Cogv. 4 Mk 43 1 8} ) 1.0 - - 1%
X 107 T, Att,
as | SPDN 3208 | 0. Coav. [+ 1.0g.?.| 33 .0 Ko 3,10 = 179
o |srDNIIe | & Comy. < i.Cg2p] 00 [} 3.0 = 5 e
% | IRy | 50 Comv. [+ I.&{ 3P| 20 L5 w0 - 3, %0 m
[ 4 IX 107 . s G 2 1.4 v no = - [
[ IX ivi £s. Conv. g g ] vy [} 0.0 - - 48
® |sDNAe | 68 Caomv. (] Mx 43 a0 [ "o - 3, 300 1000
x 127 9. Conv.
° mm"l“. l.& o.'(!-'. (] Mk 43 L 8 [} ™o 3, 00 e
X . .
n mul:’m “.. [ Comv. (-] Mx 43 20 "o - - - 3,000 1907
x 3 Comv.
12 | SN I:‘I”‘ “..( Conv, o Mk 43 30 ne - - - - 10
X b Coav.
13 | &PDR “t:u I: Conv. G Mk 43 0 "o - - - - 1908
= 3 Conv.
" mws.'lu !'& Courv. ] Mk 22 30 "o b 10,000 40 3,000 | 1000
k(] .F" 124 ﬂ.. OAw‘v 4 Mx 43 20 [ X = = = = e
x .
1 mznu #.0 ) Com. 4 > a .0 "ne = = - 3,70 | 10
L .gl | _,> Camr. r Mk 42 2.0 "0 = 18, 000 = - -
07
T lﬂul‘lﬂl %0 ?&' r Mk 43 .0 no - 4, 300 - s
» I&lg;“ IE: Cav r Mx 43 0 0o = - - - Ty
™ .%.",}.. 0.0 | Cov. y Mx 43 3.0 " - - - 3,70 | 11
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APPENDIX A
&
Table I (Cont'd) 2 o
Loading Conditions and Ballistic Parameters for Firings Conducted in Gun A "g
== -
Booster| Projectile Pre. 1 | Pos. 3 1 <o e | "53
Firtng Propeliant Waight Loading Projectile] ter o| * Wef Tempgrature | Chamber Pressure |Pressur: | P ¥
Ng (Gms) T8¢ | (Gms) \un‘f:; ?,” Pressure {pet} (peat) ! l rl. (ft/sec i ﬁ
81 | sPDN 3286] #5.0 [ Conv. r Mk 43 30 43,0 .0 = = 13, 780 | 80 | 3,180 | 1803 !
Ix 107 9.4 Att.
82 M-7 88.0 | Conv. 1] 1.0gB.P.! 240 4.0 7.0 - - - -- - 04 &
83 SPDN 3256| 0.0 Cony. G L8gl. @ 3.0 442.0 "o = = = ao = =
M-17 20.0 | Conv, "
84 SPDN 3256 60.0 Cony. G .3gB.P. 30 443.0 o = - = - - - B}
-7 0.0 Conv.
85 | 2PDN 31s6| 8.0 | Conv a LogB.P.| 2.0 4438 2.0 - - 4,00 - - 1903 i
- ony.
86 | SPDN 32%8| .0 | Conv [ 1.0gB.P.| 3.0 443.2 0.0 - 1,000 | 1,8 - 51 :
M-7 2.7 Conv 4
87 | 6PN 3258) 0.0 | Conv. G 1.0gB.P.{ 20 “s.0 9.0 - - 1,70 | 10,6 | 4100 | 1933 g
- N UiY. b
AR | SPDN 3188| 80.0 | Conv. G 1.0gB.P.| 2.0 4423 85.0 = = - - 6, 000 1308 ﬂ
M-7 1.0 Conv y
% | sy Sase| .0 | Conv. [ LGgR.a: 2.0 388 101.0 - $1,800 | 13,50 = 2003 k|
= , Cony,
s0 |sppNdase| &6z | &l G 1.0 %17 100.0 - 20,80 | 13,780 | 11,000 | 2,000 | 1084 &
Mo a8 | Corv. i |
TR DR LR Comw n 10 384.0 9.0 = = - 4, 100 1984
d - 30.4 Cony. |
2 <FDN 3286) 60.0 Conv. G 0 $82.0 5.0 = = - - - we
M-7 20.0 Conv. &
12 BPDN 31288) 63.0 Coay. C 2.9 %0 - 13, 800 §, 1913
o4 | SPDN 3256| 0.0 | Conv. c 1.0 0.0 - - - - 1748
95 | SPON21%8| 0.0 | Conv. ¢ 20 - - - - - 1138
38 | SUDN 3350) 80.0 | roav. = 3.0 - - - - - 10
| . M-1 20.0 | Conv.
97 | 3PDW 3288] .0 | Conv. G - 25,00 | 11,300 s00 | 3000 | 3010
2. 2.0 Cory.
98 | BPDN »268] 80.0 Conv. H (1 X] = - - - - WU
M-T 200 | Ad.
9 | sPDN 98| R0.0 | Conv 1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>